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ABSTRACT 

Composites, consisting of a silicon nitride (Si N ) matrix containing dis- 

persions of phase-stabilized zirconia (ZrO ), were prepared by colloidal 

processing and sintering to near full density. These materials exhibited 

improved strength and increased fracture toughness relative to the matrix 

alone. The effects of Zr02 content, phase-stabilizer type and amount, and 

processing conditions on mechanical and thermophysical properties of the 

resultant composites were determined. The possibility of high-volume, low- 

cost production was demonstrated by successfully injection molding samples. 

Specific systems that appear promising for various alternative applications 

were developed. A composite containing 45 w/o (-30 v/o) ZrC- phase-stabilized 

with Y203 exhibited a 50% improvement in fracture toughness, (6 MPa m1/2), 

high room temperature flexural strength (1000 MPa), low thermal expansion, and 

low thermal conductivity. Use of Y^ plus Si02 as sintering aids with this 

composite was shown to maintain high strength to temperatures of 1400 C. A 

second system containing from 30 w/o (-20 v/o) to 45 w/o (-30 v/o) ZrO phase- 

stabilized with CaO also exhibited high fracture toughness and high strength. 

Further improvements (up to threefold) in fracture toughness were obtained by 

heat treatment. The CaO-containing system is limited to relatively low use 

temperatures of less than 700 C. 

Probable toughening due to the martensitic tetragonal to monoclinic transition 

of zirconia has been hypothesized. Potential applications for these toughened 

systems include cryogenic turbopump bearings, intermediate use temperature 

applications in diesel engines, and high-temperature turbine uses. Materials 

will have to be tailored and optimized for each of these areas. 



SUMMARY 

A family of toughened structural ceramic composites consisting of a Si„N. 

matrix plus dispersions of lrO? or HfO was developed that offers a combi- 

nation of unique properties which, compared to monolithic Si N , include: 

• Increased fracture toughness 

• Increased strength 

• Significantly higher toughness and strength by heat treatment for 

low and intermediate temperature applications 

• Lower thermal conductivity 

• Lower thermal expansion 

These materials further offer: 

t Adaptability to conventional fabrication methods 

• Excellent figure of merit for resistance to thermal shock 

• Potential as a matrix for whisker- or filament-reinforced composites. 

Colloidal processing methods were used in this program to break up soft ag- 

glomerates and to eliminate hard agglomerates. Thus, particle size was con- 

trolled to provide a homogeneous, fine-grain microstructure free from agglom- 

erates, and one that readily sintered to near full density. Colloidal proces- 

sing also allowed complete dispersion of the second phase, and it is compat- 

ible with conventional low-cost fabrication methods such as sli.j casting and 

injection molding. 

Two approaches were successfully used to achieve composite compositions that 

exhibited increased toughness with concomitant increased strength and that did 

not exhibit microcracking when oxidized at intermediate temperatures. 

The first approach used dispersed ZrO particles stabilized with Y 0 . 

The presence of yttrium cation in the ZrO lattice inhibited the formation 

of zirconium oxynitride, which was determined to be the probable cause of the 

intermediate temperature cracking problem.  The second approach was to use 



ZrO particles stabilized with CaO. The CaO stabilization did not prevent 

the formation of zirconium oxynitride but the subsequent surface stresses, 

that normally caused microcracking, could be controlled by heat treatment to 

provide useful structural compositions with increased strength and signifi- 

cantly increased apparent toughness. Partial dissolution of CaO and the pre- 

sence of CaO in the grain boundaries, however, limits this material to low to 

intermediate temperatures, less than 700 C. 

Average room temperature strength and fracture toughness values of these com- 

posites are listed in Table 1. Values for Si3N4 matrix without any toughening 

and values for Si N toughened with SiC whiskers are provided for comparison. 

Room temperature strength of all transformation-toughened composite systems 

was higher than 800 MPa and strength could be increased as much as 40% by heat 

treatment. The strength gained by heat treatment, however, would not be useful 

for high-temperature service. Compositions of Si3N4 plus ZK>2(Y203) sintered 

with selected mixtures of Y 0 and SiO showed no loss of strength at 1400 C. 

Room temperature strength was low, however, due to processing difficulties 

that were attributed to the character of the starting powders and to metal 

inclusions originating from erosion of the sonic mixing equipment. Strength 

of the same composition, but prepared using a colloidal processing method and 

sintered using 4 w/o A1„03 as a sintering aid, was 700 MPa at 1000 C and 

360 MPa at 1200 C, which is a retention of 75 and 60% of room temperature 

strength, respectively. Strength decreased above 1200 C for these samples. 

Fracture toughness of the Si3N4 + 45 w/o (-30 v/o) Zr02(Y203) composite 

increased above the level of the Si N matrix when the Y 0 alloy content in 

the ZKL particles was reduced below 9 w/o. The toughness increased linearly 

to 6 MPa m1/2 at a Y203 content of 4.5 w/o. The presence of Zr02 particles in 

the Si N matrix also influenced thermal properties. Thermal diffusivity 

was significantly lower, which indicates lower thermal conductivity, for these 

composites than that predicted by rule of mixtures. A low thermal conductivity 

is necessary for some heat engine applications. Thermal expansion, on the 

other hand, followed the rule of mixtures, and the resultant low thermal 



Table 1. Summary of Results 

Flexural Fracture 
Toughening 
Mechanism Material 

Strength, 
MPa 

Toughness, 
MPa m1/2 

None Si3N4 matrix 700-965 4 

Whisker 
reinforcement 

Si3N4 + SiC whiskers* 700 5-6 

Transformation 
toughening 

Si3N4 + Zr02(Y203) 800-1000 4-6 

Transformation 
toughening 

Si3N4 f Zr02(CaO) 900-1200 7-14 

NA S13N4 
+ HfO (Y 0 ) 

2 2 3' 
915 NA 

*Typical Properties 

expansion contributes favorably to the figure of merit for thermal shock 

resistance. Thus, additions of 30 and 45 w/o ZrO (Y 0 ) had a synergistic 

effect on the Si N matrix in that composites exhibited increased strength, a 

large increase in toughness, a large decrease in thermal diffusivity (Fig. 1), 

and a high figure of merit for resistance t© thermal shock. 

Hf02(Y203) dispersions were substituted for ZrO dispersions to demonstrate 

that Si N + HfO composites could be sintered to near theoretical density 

with similar properties to the Si3N + ZrO composites. A composition of 

Si3N4 + 69 w/o Hf02(10 m/o Y^) + 4 w/o Al^ sintered to higl density with 

an average room temperature flexural strength of 915 MPa. High-te.nperature 

strength was slightly higher than that of comparable compositions containing 

Zr0„ dispersions. Transformation toughening was not expected, however, 

because the HfO (Y 0 ) dispersion was fully stabilized. 

The average strength and toughness values for composites composed of Si»N. 

matrix containing ZrO particles alloyed with CaO also are listed in 

Table 1. Strength at room temperature was as high as that for the composi- 

tions made using Zr02 dispersions alloyed with Y 0 , but strength began 

decreasing above 700 C.  Toughness of these composites in the as-densified 



HIGH TOUGHNESS 

Si3N4 Zr02 

LOW THERMAL DIFFUSIVITY 

Si3N4 ZrQ2 

LOW THERMAL EXPANSION 

Si3N4 ZrO' 

Figure 1. Benefits of Adding Small 
Amounts of Zr02 Particles 

to Si3N4 Matrix 



condition was almost double that of the Si3N matrix, and toughness was 

increased to as high as 14 MPa m1/2 by heat treatment. This increase was 

not an increase in inherent toughness, rather, it was the result of increased 

surface compressive stresses caused by the oxidation of zirconium oxynitride 

and the subsequent formation of monoclinic ZrO„. Thermal diffusivity of 

this composition was higher than that for the composition made with ZrO 

stabilized with Y203. Thermal diffusivity values were more in line with 

results predicted by the rule of mixtures. These composites offer a unique 

combination of high strength and very high toughness for applications at tem- 

peratures less than 700 C. 

Injection-molded samples of Si^ + 45 w/o Zr02(9 w/o Y 0 ) + 4 w/o Al 0 were 

fabricated to demonstrate the feasibility of high-volume, low-cost production. 

Injection molding characteristics of this composition were the same as for 

Si3N4 without the Zr02 dispersion. Average flexural strength values for 

injection-molded samples were lower than those for colloidally processed mate- 

rial. The bend bar geometry used, pick-up of metallic inclusions during pro- 

cessing, and inhomogeneous distribution of the injection molding plasticizer 

are all considered sources of the reduced strength. 



TECHNICAL BACKGROUND 

The fracture toughness of Si„N4 can be increased by: 

1. The addition of high-strength and elastic modulus, high aspect 
ratio, small-diameter SiC whiskers 

2. The addition of a lower thermal expansion coefficient second phase 

3. Heat treatment to grow acicular ß-Si3N4 grains 

4. Inclusion of dispersions that toughen by a phase transformation 
mechanism. 

Toughening by the addition of SiC whiskers occurs principally by crack deflec- 

tion and whisker pullout which limits toughness increases to about 50% over 

the matrix. Best results are achieved with high whisker loadings; however, 

processing becomes more difficult at high loadings. Uniform dispersion of the 

whiskers becomes increasingly difficult as the concentration increases. There 

is also a tendency for the whiskers to orient due to shear forces resulting in 

anisotropic properties. The net result of such processing difficulties is a 

subsequent inability to maintain strength and isotropy at the high loadings 

needed to improve toughness. 

Toughening by a dispersed second phase having a lower thermal expansion coef- 

ficient than the matrix will theoretically result in toughening due to the 

residual stress fields around the second phase. The hoop tension field, as 

shown in Fig. 2, attracts passing cracks rather than deflecting them away. 

There is more dissipation of energy compared to the case in which the thermal 

expansion coefficient of the particle is higher than the matrix and in which 

the passing crack is deflected away from, rather than into, the particle. 

This method has not been demonstrated due to the lack of a suitable second 

phase that (1) has a lower thermal expansion coefficient than Si„N., 

(2) is stable, and (3) is compatible with Si N at elevated temperatures. 
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The use of transformation toughening in the SigN  matrix, on the other 

hand, increased toughness by as much as threefold over that of the Si N 

matrix and there is no decrease in strength. In fact, in some cases, strength 

is 40% higher than that of the matrix material. 

Transformation toughening is the basis for a new group of commercial materials 

based on partially stabilized zirconia (PSZ). Zirconia undergoes a marten- 

sitic, athermal phase transformation on cooling over the range from about 1400 

to 1000 C. This phase change from the tetragonal phase to the monoclinic 

phase is accompanied by a 5% volume increase. Toughened materials can be 

obtained by inhibiting the phase change during fabrication so that the result- 

ant material retains the metastable tetragonal phase at room temperature. 

When the phase change is triggered by the strain of an advancing crack, com- 

pressive loading occurs in the lattice around and ahead of the advancing crack 

tip. The result is an increase in toughness in the PSZ material from as low 

as 2 MPa m in the untoughened matrix to as high as 13 MPa m1/2 in the 

toughened composites. 

Si3N4 is one desirable matrix material due to its inherent high strength, 

high modulus, and superior resistance to thermal shock.  Although Si N  is 
3 4 

a leading candidate for heat engine applications, its use is limited in some 

designs because Si3N4 has high thermal conductivity. Additions of small 

amounts of Zr02 to Si^ can substantially reduce the thermal conductiv- 

ity of the composite while yielding significant gains in fracture toughness. 

Lange (Ref. 2) reported increased surface toughness in the Si N /ZrO 

system resulting from an oxidation-induced phase change. Reactions leading to 

increased toughness begin with the formation of Zr-oxynitride during the den- 

sification process. When the composite is later heated in an oxidizing envi- 

ronment, the surface Zr-oxynitride converts to ZrO . The formation of 

Zr02, which is associated with a volume increase of about 5%, causes com- 

pressive surface stresses. These surface stresses can be beneficial, but when 

the volume content of Zr02 is more than 10%, severe microcracking and spal- 

ling occur. 
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Gilles (Ref. 3) determined that the Zr-oxynitride structure was associated 

with an ordered array of oxygen deficiencies in the lattice. Lange et al. 

(Ref. 4) reasoned that the addition of an alloying agent to the Zr02 with a 

valence different from that of Zr would disrupt the oxygen-deficient lattice 

structure and thereby reduce or eliminate the formation of Zr-oxynitride. 

Results of this study indicated that Y203 alloy additions in the Zr02 
did reduce or eliminate the Zr-oxynitride phase and inhibited microcracking. 
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PROCEDURE 

COLLOIDAL POWDER PROCESSING 

Silicon nitride composites containing dispersed ZrO„ must be fine grained, 

exhibit complete dispersion of the ZrO particles, and be free of large 

flaws. For these reasons, composites were made using colloidal processing 

methods. Colloidal processed material produced microstructures that exhibited 

homogeneity and excellent dispersion of the ZrO_ particles (Fig. 3). With 

proper controls, the microstructure can be made with a very low flaw popula- 

tion and very small flaw sizes. The colloidal method can also be compatible 

with high-volume, low-cost production methods, such as injection molding and 

slip casting. Another advantage of colloidal processing is that slurry mix- 

tures of two or more powders have long shelf lives. Mixtures can be stored in 

the flocced state without concern of powder segregation. 

Each component, e.g., Si3N4, Zr02, or selected sintering aids, was sepa- 

rately suspended in dilute water solutions of less than 5 v/o solids to break 

up soft agglomerates and to remove hard agglomerates by sedimentation. Suspen- 

sion was achieved by controlling pH. A pH of 10 was used to suspend Si„N4 
and a pH of 2 was used to suspend ZrO powders. Based on Stoke's Law calcu- 

lations, the dilute solutions were allowed to settle to remove all particles 

over 1 micron. Settling duration was typically 24 h for Si„N4 and 16 h for 

Zr02 powders. The slurry containing particles less than 1 micron was siphoned 

into a clean container (Fig. 4), washed, and flocculated so that the excess 

water could be removed. The coarse sediment left on the bottom of the original 

container, which was usually a relatively hard cake, was re-suspended. An 

ultrasonic horn was used to break up the hardened cake and to re-suspend the 

powder. The suspension was again allowed to settle and the submicron powder 

was again siphoned off into a clean container. This process was repeated until 

most of the submicron powder was separated. Usually four separation cycles 

were sufficient. 
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Figure 4. Siphoning the Slurry Containing Less 
Than 1 Micrometer Particles 



16 

The concentration of solids in the slips was determined by measuring the slip 

specific gravity from which concentration was calculated. The desired quantity 

of the specified, flocculated slip was then weighed into a separate beaker. 

Each of the ingredients was then mixed together by manually stirring. The 

mixture was then pumped back and forth through a small ultrasonic mixing cham- 

ber* for a total of four passes (Fig. 5). Controlled parameters included 

pumping speed and power input to the ultrasonic horn. A photomicrograph of a 

typical composite (Fig. 3) illustrates the good dispersion of the second 

phase, good homogeneity, and the lack of inclusions in the microstructure. 

High-purity, submicron powders were used whenever possible to make colloidal 

processing both practical and possible.  Exceptions are noted in the text. 

All  composites were based  on a 

(Table 2). 

obtain a range of alloying compositions and levels.  Characteristics and 

chemistries of these powders are given in Table 3. 

single Si3N4 matrix powder source 

ZrO  and HfO  were obtained from five different sources to 

Table 2. Si N Powder Characteristics 

Composition S13N4 
Source UBE Industries, Ltd. 

Grade SN-E-10 

Lot A-77 

Particle size 0.1 to 0.3 microns 

Surface area 14 m /g 

Degree crystal 1 inity 
beta 

100% 

3.5% Phase content, 
(alpha + beta) 

*Fischer Sonic Dismembrator Model 300 
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Table 3. Powder Characteristics 
(Sheet 1 of 3) 

Zirconia 

Composition - ZrO„ (Y^) 

Source - Toyo Soda Mfg. Co. Ltd., Tokyo 

Grade 

Lot 

Crystallite size (Angstroms) 
2 

Specific surface area (m /g) 

Chemical analysis (w/o) 

Y2°3 
A12°3 
Si02 

Fe2°3 
Na20 

Ignition loss 

TZ-4Y 

Z405117P 

220 

20 

7.02 

0.06 

0.005 

0.003 

0.003 

0.5 

TZ-6Y 

Z605106P 

220 

19 

10.37 

0.056 

0.005 

0.003 

0.006 

0.8 

TZ-8Y 

Z805125P 

220 

23 

13.25 

0.007 

0.007 

0.006 

0.006 

0.5 

Zirconia 

Source - Zircoa Products,  Corning Glass Works,  Solon,  OH 

Type - Zircoa-B fully stabilized 5 w/o CaO 

4.69 »im average particle size (-325 mesh) 

SiO, 

CaO 

MgO 

Fe2°3 
A12°3 
Ti02 

Zirconia 

Source - Zircar, Florida, NY 

Lot 

Chemical Analysis (w/o) 

CaO 

Loss on ignition 

0.68 w/o 

5.12 

1.16 

0.07 

0.12 

0.11 

P-298-B 

3.30 

3.80 

P-298-C 

6.75 

9.74 

P-301 

9.93 

5.90 
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Table 3. Powder Characteristics 
(Sheet 2 of 3) 

Zirconia 

Source - Zircar, Florida, NY 

Type - ZYP Stabilized 

A12°3 
Si02 

Ti02 

Fe2°3 
CaO 

MgO 

Cl 

Na20 

S04 
H20 

LOI 

Agglomerate Size Distribution (%) 

<1 ym 97 

<0.7 ym 

<0.5 ym 

<0.3 ym 

<0.1 ym 

Crystallite size 

Surface area 

85 

72 

50 

30 

0.02-0.03 ym 

30-45 m2/gram 

4.5 w/o Y203 8.0 w/o Y203 12 .0 w/o Y203 

0.019 0.019 0.019 

0.2 0.2 0.2 
0.22 0.22 0.22 

0.039 0.039 0.039 

0.020 0.020 0.020 

0.021 0.021 0.021 

0.10 0.18 0.26 

0.03 0.04 0.06 

0.11 - - 

1.0 1.0 1.0 
1.0 1.0 1.0 
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Table 3. Powder Characteristics 
(Sheet 3 of 3) 

Zirconia 

Source - Nippon Shokubai Kagaba Koggo Co., Ltd. 

Grade - NS-8Y 

Y 0 8 mol % 
C    0 

Surface area 80 m2/g 

Particle diameter 130 angstroms 

Chemical analysis (w/o) 

Y2°3 
Si02 

A12°3 
iio2 

Fe2°3 

13.7 

0.03 

0.09 

0.03 

0.006 

Hafnium Oxide 

Source - Teledyne Wah Chang 

Grade - S 

Type - K -906 

1 to 2 microns powder 

10 mole percent Y2O3 

SAMPLE PREPARATION 

Disk-shaped samples, 5 cm in diameter x 1 to 2 cm thick, were prepared by 

pressing the water out of flocced slurries in a special metal die (Fig. 6). 

One, or both (at the option of the technician) ends of the plunger was fitted 

with a porous metal filter to allow the water from the slurry to escape under 

pressure. A layer of coarse filter paper was placed over the metal filter to 

keep the fine powder from plugging it. A pressure of about 0.5 MPa (70 psi) 

was used to force the water out. Lower pressures took too long to remove the 

water, while higher pressures usually produced samples that cracked during 

drying. 
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The samples were air dried slowly then placed in a vacuum oven at 60 C. Green 

density was typically about 40% of theoretical, but this was increased to 

about 50% by isostatic pressing to pressures as high as 350 MPa. 

Samples were densified by either pressureless sintering or hot pressing. Pres- 

sureless sintering was performed under 1 atm of nitrogen in a carbon resis- 

tance furnace.  Samples were placed in a Si3N4 crucible and packed in a 

seasoned Si N powder. Hot pressing was performed under 1 atm of nitrogen 
3 4 

using graphite dies and varying compaction pressures from 26 to 52 MPa. The 

rate of heating and cooling for both densification routes was rapid, typically 

1 h from room temperature to the sintering temperature, which ranged from 1700 

to 1860 C, hold for 1 h, and furnace cool. 

EVALUATION OF SAMPLES 

Samples were characterized by the following techniques after densification. 

Density and porosity were measured by a modified-Archimedes method. X-ray 

diffraction analyses were performed on diamond-ground or diamond-cut surfaces 

using a General Electric X-ray diffraction unit with Cu-Ka radiation. 

M0R bars with a cross section of 2.0 x 2.5 mm were made by diamond grinding to 

a surface finish of 10 yinch. M0R bar length ranged from 18 mm to 40 mm and 

varied depending on stock. All diamond grinding was in the long direction and 

edges were chamfered. Due to the short length of the average M0R bar and the 

large number of MOR tests that were required, 3-point bend tests with a span 

of 15.2 mm were used for most of the initial evaluations. Four-point tests 

were performed when a large sample population was available and when the sam- 

ple length was adequate. Two fixtures were used for 4-point bend tests, one 

with spans of 23 and 8 mm, and one with spans of 32 and 11 mm. The larger 

fixture was made of SiC and was used for all tests at elevated temperatures. 

The span on 3-point tests was 15.2 mm. Crosshead rate was 0.05 cm/min. 
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Fracture toughness was measured by the diamond indentation method after Anstis 

(Ref. 5) and by breaking pre-indented MOR bars after Cook and Lawn (Ref. 6). 

Crack length measurements on indented samples were made using a light micro- 

scope and a side-angle lighting technique to define the crack tip. 

Heat treatments performed on samples were conducted in a resistance heated 

furnace (SiC heating elements) in static air. 
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TECHNICAL DISCUSSION 

The experimental work in this program was conducted on five families of com- 

posites. These composites included an Si^ matrix, a sintering aid, and 

from 10 to 30 v/o of one of the following additives as a dispersed phase: 

1. Zr02(4.0 w/o to 13.5 w/o Y203) 

2. Zr02 (3.5 w/o to 10 w/o CaO) 

3. Zr02 (5 w/o MgO) 

4. Hf02 (10 m/o Y203) 

5. 60 m/o Hf02 + 20 m/o Zr02 + 20 m/o Ti02. 

Each of these five families of compositions is discussed in a separate section 

of this report. Most of the experimental work was conducted on the first two 

compositions because of the highly promising early results. The third compo- 

sition was of interest because it is more refractory, but investigation of 

this composition was not pursued because the initially densified samples 

cracked during the hot pressing operation. The fourth composition contained 

fully stabilized HfO., as a dispersed phase. Testing of the fifth composi- 

tion was discontinued because the oxide alloy reacted with the Si N 

matrix and cracked excessively when oxidized. 

Zr02(Y203) 

Composites of Si^ +30 w/o (-20 v/o) or 45 w/o (-30 v/o) ZrO (Y 0 ) with 

sintering aids offer a combination of unique attributes: (1) as-fabricated 

toughness 50% higher than the Si^ matrix, (2) high strength, (3) bene- 

ficial surface compressive stresses following oxidation, (4) reduced thermal 

conductivity, and (5) the absence of Zr-oxynitride phase which is a leading 

cause of microcracking at intermediate temperatures. 
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Oxidation Degradation Stability 

Microcracking at intermediate temperatures (500 to 1000 C) is a problem that 

has precluded Si3N4/Zr02 composites from consideration as structural ma- 

terials in spite of high strength and increased toughness. Three approaches 

were used in this program to reduce or to eliminate microcracking. The first 

approach was to alloy the Zr02 with a sufficient amount of Y203 as sug- 

gested by Lange (Ref. 4). The second was to preoxidize the sample at an ele- 

vated temperature before exposure to the intermediate temperature. The third 

was to sinter the composite at higher temperatures. 

Near-theoretical density values were obtained for samples sintered at 1700 C 

for 1 h. In this study, samples were sintered at temperatures to 1800 C to 

determine the effect on oxidation resistance. The Y^ alloying content 

and total ZrO content also were varied. Oxidation was carried out at 700 C 

for periods from 64 to 1008 h. Samples were observed after oxidation for the 

appearance of microcracks. Results of these studies are summarized in Table 4. 

For samples sintered at 1750 C, there was a high incidence of microcracking 

with only the 12 w/o Y203 stabilized material not exhibiting microcracks 

after 1008 h. For samples sintered at 1800 C, results were more encouraging 

with microcracking observed only for the 8 w/o Y203 stabilized sample 

after 255 h exposure. 

The longer exposures appeared to result in less observed microcracking. This 

is not readily explained unless there is an associated crack healing occurring 

during extended oxidation. Also, since at least part of the Y203 is be- 

lieved to enter into the grain boundary phase, it would be expected that the 

Y 0 content should also affect microcracking and healing mechanisms. 

From the data available, it appears as if increasing Y^ content could be 

inhibiting healing, so that the higher Y^ content samples require longer 

oxidation times to eliminate the appearance of microcracks. The possibility 

of crack healing and the role of Y203 is speculative at present and would 

require further study for confirmation. 
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Preoxidation at an elevated temperature was another method that was successful 

in reducing or preventing microcracking at intermediate temperatures. The 

rationale was that microcracking did not occur at elevated temperatures where 

the body could accommodate the small amount of plastic deformation and, then, 

when the body was later exposed to oxidation at intermediate temperatures, the 

oxide layer protected the surface from further oxidation because the oxidation 

rate through the protective layer was negligible. This approach was used more 

for compositions containing ZrO,, stabilized with CaO, and these results are 

reported "later. The limited results for compositions containing Zr02 

stabilized with Y 0 were as follows. Samples of a composition containing 

45 w/o ZrO stabilized with 13.5 w/o Y^ exhibited microcracking at 

700 C after 500 h. When samples were preoxidized at 1200 C for 2 h, however, 

no microcracking was observed and the strength was retained after exposure in 

air at 700 C for 570 h. 

An attempt was made to characterize the compositions that did and did not ex- 

hibit microcracking at intermediate temperatures. Understanding the differ- 

ence between these so called "good" or "bad" materials is essential so that 

composition and fabrication history can be controlled to ensure that micro- 

cracking will not occur. The difference in appearance between these materials 

was obvious. All diamond-ground samples were dark grey. On heating at inter- 

mediate or elevated temperatures in air, the surfaces became white. The dif- 

ference between the good and bad materials was in the nature of the white sur- 

face layers. The white surface layers on samples that did not microcrack were 

uniform in thickness, exhibited a distinct boundary line from white to grey, 

and the layers were thin. Layer thickness was about 25 microns after 100 h at 

700 C, and 250 microns after 1000 h. 

The white surface layers on samples that microcracked, on the other hand, were 

nonuniform in thickness, they exhibited a diffuse boundary line between the 

white and grey areas, and they were much thicker, often penetrating the sample 

as much as 1000 microns in 200 h. 
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X-ray diffraction analyses were performed on these materials but no differ- 

ences between samples that did or did not microcrack were found. Two major 

phases were present, beta SigN4 and cubic Zr02< Sometimes splitting was 

observed in the major Zr02 peaks, indicating the presence of tetragonal- 

prime Zr02 phase. Tetragonal-prime phase is a nontransformable phase that 

does not lead to toughening. Occasionally, a minor amount of monoclinic 

Zr02 phase was present. In every case, whether it was material sintered at 

1750 or 1800 C, the results were similar. 

Samples also were characterized using TEM, SEM, and AEM techniques. The 

analyses were performed on samples made from the same batch of Si N + 45 w/o 

Zr02 (9 w/o Y203) + 4 w/o Al^. The differences between samples were that half 

were sintered at 1750 C and half were sintered at 1800 C. Samples sintered at 

1750 C exhibited microcracking after 255 h at 700 C in air, while samples 

sintered at 1800 C did not microcrack after 1000 h at 700 C in air, the long- 

est duration of exposure. 

The purposes of this investigation were to identify the difference in the good 

and bad samples, to explain the color change between oxidation scale and the 

unreacted core region, and to provide an explanation of why those samples 

sintered at the lower temperature microcracked. Three possible mechanisms for 

microcracking were identified: (1) Si^ and Zr02 could react to form a 

zirconium oxynitride phase (Zry)^ or Zi^O^) which would then undergo a 

destructive volume change on oxidation; (2) Zr metal precipitates, produced 

during sintering in a reducing environment, could oxidize and generate inter- 

nal stresses; and (3) undesirable Si-jN^Y^ could collect at the grain bound- 

aries (Ref. 12), which could explain the rapid oxidation, or it could precipi- 

tate as discrete islands inside the grain boundaries where oxidation would be 

much slower. Si3N4:Y203:Si02 phases could develop that undergo volume changes 

on oxidation. In hypothesis (2), for example, Zr metal could (a) collect in 

the grain boundaries (Ref. 12), in which case the oxidation rate would be 

high, or (b) precipitate inside the Zr02 grains, in which case the oxidation 

would be much slower and, possibly, less destructive. Analyses designed to 

isolate the actual mechanism(s) were undertaken.  Specifically, analytical 
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electron microscopy (AEM) experiments were performed to identify the presence 

and location within samples of nitrogen, metallic Zr, and Y203- 

The first direct observation was that scale formation was uniform in thickness 

only for the good samples while, for the poor quality samples, white material 

penetrated into the interior of samples nonuniformly with associated crack- 

ing. Attempts to prepare transmission electron microscope (TEM) specimens 

from scale regions by back ion-beam thinning were only partially successful. 

First, scale samples were poor quality, with little thin area. Second, the 

thin areas of the back-thinned samples appeared to have darkened, suggesting 

that they may have transformed back to the unoxidized darker structure in the 

vacuum of the ion beam thinner. There was insufficient time to overcome the 

problems of specimen preparation. 

AEM characterization identified no significant differences between either the 

oxidized and unoxidized samples or between the good and bad samples. All sam- 

ples examined contained a reasonably homogeneous distribution of electron- 

dense, zirconium-rich grains and electron-transparent, silicon-rich grains, 

and all grain boundaries and triple points contained a crystalline grain 

boundary phase. 

Energy dispersive X-ray spectrometry (EOS) was performed using an ultra-thin- 

window detector for light element analysis. Yttria and oxygen were detected in 

the zirconium-rich grains (0.1 to 0.5 ym diameter), whereas some of the larger 

silicon-rich grains (5 y) additionally contained oxygen. Convergent beam dif- 

fraction confirmed that the small grains were silicon nitride and that there 

were a few larger Si?N20 grains. The zirconium-rich grains typically contained 

7 cation w/o Y and 93 cation w/o Zr. Some internal structure could be imaged 

by TEM in the Zr-rich grains, possibly consisting of small Zr metal precipi- 

tates. Sample thickness prevented analysis of these precipitates by either EDS 

or diffraction analysis. Monoclinic laths, traversing entire grains, were 

observed in some zirconia grains. Analysis of the grain boundary phases by EDS 

identified Si, Al, Y, and 0 in varying proportions. Although quantitative 

analysis of the crystalline grain boundary phase would be unreliable (there is 
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no guarantee that the beam would be contained entirely within the boundary 

phase), the presence of Y (absent within the Si-rich grains) and elevated 

levels of Al were confirmed. 

Figure 7 shows a scheme of an analyzed area with the results of semiquantita- 

tive cation analysis for a number of analyzed points. The shaded grains were 

zirconia and unshaded grains were silicon nitride. Small pockets of grain 

boundary phase are also shown shaded. 

Although the presence of Si NO was confirmed, analysis by thin window EDS 

is not sufficiently sensitive to detect nitrogen in Zr7°11
N
2- There- 

fore, the hypothesis that the presence of Si NO formation could confirm 

the presence of Zr 0 N could not be resolved. Similarly, the hypothe- 

sis that the dark color of as-sintered samples is due to the presence of Zr 

metal precipitates could not be confirmed. 

Transformation Toughening 

Transformation toughening without microcracking was not achieved for Zr02 
(Y 0 ) alloys until near the end of the program and further work is needed 

to confirm it. Thus, most of the samples made during the program did not ex- 

hibit toughening because they contained ZrO„ stabilized with 9 w/o or more 

Yo0„.  Nine weight percent Y 0  alloy was thought to be necessary to 
2 3 do 

prevent microcracking when these samples were heated in air at intermediate 

temperatures. Even though some of the " Y 0_ comes out of the ZK>2 lat- 

tice during sintering, there is enough Y Ö. to keep the composition well 

within the cubic or tetragonal-prime phase region of the phase diagram 

(Fig. 8). Tetragonal-prime phase does not undergo a phase transformation 

(Ref. 6), so there is no toughening mechanism in this composition. Neverthe- 

less, this composition showed enough merit, because of high strength combined 

with low thermal conductivity, that characterization studies were conducted. 
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grams 

Semiquantitative Analysis* 

No.      Zr      Y      Si       Al 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 

1 

3 

93 
2 
2 
93 

0 

0 

7 

7 

2 

0 

7 

92 
94 
68 

83 

90 

89 

SigN^ grain 

SigN^ grain 

* Numbers signify cation w/o 

19    triple point 

ZrO^ grain 

10    triple  point 

6     SigN^ grain 

ZrÜ2 grain 

triple point 
grain boundary 

Figure 7. AEM Analysis on a Si3N4 + 45 w/o ZrÜ2 
(9 w/o Y2O3) + 4 w/o AI2O3 Sample 
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Characterization studies late in the program showed that higher sintering tem- 

peratures allowed the use of lower Y„0 stabilization without the appear- 

ance of microcracking and that use of lower Y 0 stabilization did result 

in increased toughness. These results are shown in Fig. 9. The toughness for 

Si„N.-Zr0„ composites containing 45 w/o Zr0„ stabilized with 9 to 13.5 w/o Y„0„ 
"1/2 '3 

was 4 to 4.5 MPa m , about the same as the Si3N4 matrix without ZrCL. How- 

ever, toughness increased with decreasing Y 0 stabilizer content to 6.0 MPa 
1/2 

m   at a Y203 content of 4.5 w/o.  As shown in the phase diagram 

(Fig. 9), 4.5 w/o Y 0  content is near the edge of the region in which 

transformable tetragonal phase is formed. In practice, the ZrO with 4.5 w/o 

Y 0  is probably within the transformable region after sintering because a 

portion of the Y 0 content will diffuse into the grain boundaries. 

1/2 
A value of 6 MPa m   represents a 50% increase in toughness in material in 

the as-sintered condition.  Higher measured toughness values can be expected 

for heat-treated samples based on the results (which are discussed in a later 

section) that show significant increases in strength. These increases are due 

to surface compressive stresses that should also cause an increase in 

toughness. 

Fracture toughness also was measured using bars containing 3 diamond indenta- 

tions lined up along the length within the constant stress region of a 4-point 

bend test (Ref. 6). These results (Tables 5 and 6) showed an increase in 

toughness in the Si3N4 f Zr02(Y203) composites compared to NC-132 

control samples, and it showed an increase in toughness when the Y 0_ 

alloy content was less than 9 w/o. But, it did not show as much increase as 

was evidenced when toughness was measured by the single indentation method 

(Fig. 9). 

Fracture toughness also was measured by this method at 700 and 1000 C. The 

Y203 alloy content in these bars was 9 w/o so the transformation toughen- 

ing effect would not be active. Toughness increased 50% at 700 C but it 

decreased at 1000 C to the level of the NC-132 reference sample. 
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Table 5. Fracture Toughness Measured on Indented MOR Bars 

Zr02 (Y203) 
Content, 
v/o (w/o) 

Y2O3 Alloy 
Content 
(w/o) 

Number of 
Samples 

Test 
Temperature, 

C 

Fracture 
Toughness 
(MPa m1/2) 

30 (45) 13.3 3 25 7.4 

30 (45) 12 5 25 6.7 

30 (45) 9 3 25 7.0 

30 (45) 8 7 25 8.2 

30 (45) 6.9 4 25 8.6 

0 0 5 25 5.7* 

30 (45) 9 1 25 6.1 

30 (45) 9 2 700 8.9 

30 (45) 9 1 1000 5.6 

*NC-132 material 

Sintered Density 

Composites of Si N + 30 or 45 w/o (20 or 30 v/o) ZrO  readily sintered 

to high densities at 1750 C in 1 h using 4 w/o Al 0 as a sintering aid. 
3 

Sintered density for 45 w/o ZrO, composites was typically 3.90 g/cm  and 
3 

that for 30 w/o Zr0„ composites was 3.50 g/cm .  Sintered densities were 

estimated to be 96% of theoretical based on theoretical densities of 4.05 g/ 
3 3 

cm and 3.65 g/cm , respectively.  Theoretical values were based on calcu- 

lations using the rule of mixtures and on measured densities of hot pressed 

samples (Table 7). Physical properties used for the rule of mixture calcula- 
3 

tion are listed in Table 8.  Calculated values were 4.05 g/cm and 3.76 g/ 
3 3 

cm .  A theoretical density of 4.05 g/cm  for the 45 w/o Zr0„ composi- 

tion was reasonable compared to the average measured value of hot-pressed 
3 3 

samples, which was 4.00 g/cm , but a theoretical value of 3.76 g/cm  for 

30 w/o ZrO  compositions seemed high in relation to the results of hot- 
3 

pressed samples. Therefore, a theoretical value 3.65 g/cm was used for the 

30 w/o ZrO  compositions.  This value places the measured densities in 

agreement with the densities and porosities as determined by the modified 

Archimedes method. 
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Table 6. Test Data for Measuring Fracture Toughness 
(Sheet 1 of 3) 

SAMPLE IDENTIFICAT ION 

S#54:8Y-4A-117-852-D1-B48-1-1 

S#54:4Y(6.9)-4A-106-852-D2-B47-2-1 

S#53: 4Y--4A-117-S52-D2-B45-3 1 

B#51:8Y <13.3) -4-73-852-D1-B44 4-1 

S#39: 12*Y--4 A-168-795-D2-B26-5-1 

8#34: 12*Y--4 A-168--795-D1 -B22-6-1 

S#32:12Y <9)-4A-105-795-D3-B29-7-1 

NCI 32 

S#32:12T<9)-4A-105-795-D3-B29-9-1 

S#32: 12Y9--4 A-105- -795-D3-B29--10-1 
700 C 

S#32:12y9(0-4A-105-795 D3-B29-11-1 

1000 C 

HEIGHT 
(INCH) 

0.074 
0.0735 
0. 072 
0.073 

0.0735 
0.073 
0.073 

0.0735 

0.074 
0.0735 
0.074 

0. 074 
0.074 
0.0735 

0.073 
0.0735 
0.0735 

0.0725 
0.0735 

0.071 
0.072 
0.072 

0. 074 
0.074 
0.0745 
0.0745 
0.074 

0.073 
0 

0.073 
0.072 

0 
0.0725 

WIDTH 
(INCH) 

LOAD 
(LBS) 

0. 099 
0.099 
0.0985 
0.0985 

0.099 
0.099 
0.099 
0.099 

0. 099 
0.0995 
0.0995 

0.0995 
0 „ 099 
0. 099 

0 „ 099 
0.0995 
0,099 

0.098 
0.099 

0. 099 
0.0985 
0.09<:i 

0. 123 
0. 122 
0. 115 
0. 103 
0. 114 

0, 099 

0. 099 
0.0985 

■i "V   / : / . o 
:7.7 
!5„9 
•h.a 

Ö- y 

!,L o 

8. 4 
8. 3 

5. 7 

23.8 

23.4 
25 

24.5 

20. 3 

20 
20., 3 

19.7 
21 

20. 3 
24. 1 

14. 1 

21.8 
20. 1 

19. 7 
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Table 6. Test Data for Measuring Fracture Toughness 
(Sheet 2 of 3) 

4-PT MOR 14 PT MOR !  2Cma>:  \      2Cmin  !CNVSN FTR!  Cmax   !  Cmin   ! 
(KSI)  !  (MPa)  i <UNITS) ! (UNITS) !(u/UNIT) !(MICRONS)!(MICRONS) i 

45. S 
46. 
45. 

o 

4 D . 

ER 
0 
R 

44. 3 
44. 4 
48. 4 
47., 6 

E:F R 

42.4 

ERR 
38. 

...y 

41. 5 
41. !.::! 

El- R 
39. 2 
■y -y ...,. 

-,..» /    A 

34,. .^:. 
EF 

"■■ i\ «::;> 
... t« 

34. xi 

EF R 
R 

35. 5 
■: y -•' '   " ,.,. ..... 

ER R 
31. ;;l 

ERR 

ERR 
51 „ 4 
49.0 
ERR 

47.4 
ERR 
ERR 

317 
ERR 
305 
306 
334 
■*:•■ ■—t r-> 
•..:« .c. O 

ERR 
294 
292 
271 
ERR 
.',::! 6 6 
286 
234 
ERR 

ERR 
241 

:RR 
J45 

ERR 
ERR 
2 3.4 

220 

ERR 

"<R 

538 

ERR 
ERR 

!.::! '.*- .8 
15 •> o 
24 .4 
19 .8 

20 .8 
17 . 9 

21 
.■-,.■■■•, p. 

>M 

18 
20. 1 
21. 1 

.19.3 
24. 7 
15.6 

3 „ a 

17 

20. 6 
18.5 
16.4 
17.4 
16.8 

19. 

9. 2 
6. 8 

19 „ 1 
14. 3 
19. 9 
16, 9 

16. 8 
16. 4 
IS. 1 
IS. 

17.. 6 
14 „ / 
j o 2 

15. 3 
0 

19. 5 

18. 
0 

14 „ 8 

20, 
„4 

(I 
21 „7 

20. 2 

0 
16 „ ö 
1 6,, 'JL 

19.2 

7. 1 

18, 

22. 1 

22. 1 
22. 1 

22. 1 
22. 1 
22 „ 1 

22. 1 
22. 1 
22. 1 

22. 1 
22. 1 
22. 1 
22. 1 
22. 1 
22 „ 1 
22. 1 
22. 1 
22., 1 
22 „ 1 

251.94 
171.275 
269.62 
218.79 

0 
229.84 
197.795 
232.05 
251.94 

0 
241.995 

0 
198. 9 

222.105 
233.155 

0 
213.265 
272.935 
172.38 

0 
289.51 

250.835 
0 
0 

278„46 
187.85 

0 
0 

227,63 
204.425 
181.22 
192.27 
185.64 

0 
216.58 

0 
101.66 
75. 14 

0 
222.105 

0 
0 

211.055 
158.015 
219.895 
186.745 

0 
185.64 
181.22 

200.005 
202.215 

0 
194.48 

162.435 
k! 1'/.. .16 

0 
169.065 

0 

0 
0 

204.425 
16-3. 54 

0 
226.525 
247.52 

0 
0 

230.945 
0 

239.785 
0 
0 

223.21 
179.01 

0 
183.43 
179.01 

0 
212.16 

/z. •■■/■:> 

0 
100.005 

0 
(71 
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Table 6. Test Data for Measuring Fracture Toughness 
(Sheet 3 of 3) 

Kc   max       !   Kc   min      !   Kc: 
(MPa  ml/2!Warn 1/2)! 

avci 

9.442134 18.584486 19.013310 
.7-810435 17.475153 17.642794 
9.752483 18.741484 19.246983 
8.779750 18.059577 18.419663 

ERR 1     ERR 1     ERR 
8.,658385 17.712565 18.185475 
8.001868 17.630144 17.816006 
9„591676 18.856103 19.223889 
9.840544 18.745325 19.292934 

ERR 1     ERR 1     ERR 
8.557422 1/„601043 18.079232 
8„193479 16.834077 1 /„513778 
7.310304 1/.239577 17.299940 

ERR 1     ERR 1     ERR 
6.906820 16.314703 16.610762 
7.928622 1   -0.68 13.624311 
8.081766 17.743018 17.912392 

ERR 1     ERR 1     ERR 
7.294800 1    0.68 13.307400 
7.905188 16.749972 17.327580 
5.562272 15.400107 15.481189 

ERR 1     ERR 1     ERR 
7.595091 16.639797 17.117444 
6.849971 16.800048 16.825010 

ERR 1     ERR 1     ERR 
ERR 1     ERR 1     ERR 

/.338572 16.834182 17.086377 
7.916320 1    -0.68 13.618160 
6.110700 16.992200 16.551450 

ERR 1 •    ERR . 1     ERR 
ERR 1     ERR 1     ERR 

5.829494 15.765986 !5.797740 
6.102305 l ...J „ 666 / J. 3 15.884510 
5.449058 1   -0.68 12.384529 
5.487584 15.344132 15.415858 
5.908668 15.789943 15.849305 

ERR 1     ERR 1     ERR 
6.135336 16.065433 16.100385 

ERR 1     ERR 1     ERR 
6.539224 15.661994 16.100609 
5.232489 15.144892 5.188690 

ERR 1     ERR ERR 
9.145917 8.644259 8.895088 

ERR ERR ERR 
ERR . ERR ERR 
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Table 7 . Densities o1 F Hot-Hressea 5 ampieb 

Zr02 Y2O3 Alloy Hot Press 

Content, 
v/o (w/o) 

Content 
(w/o) 

Temperature 
(C) 

Density 
(g/cm3) 

30 (45) 8 1800 4.07* 

30 (45) 9 1700 3.96* 

30 (45) 9 1700 4.05* 

30 (45) 9 1700 4.01* 

30 (45) 9 1700 4.04* 

30 (45) 9 1700 3.88* 

26 (30) 9 1700 3.65 

*Avg. = 4.00 

Table 8. Properties of Si3N4 and Zr02 for Calculation 
of Si3N4/Zr02 Composite Theoretical Density 

Density (g/cm ) 

Elastic Modulus (GPa) 

Si3N4 

3.18 

3.07 

Zr02 

6.07 

2.07 

Compositions of Si,N, * 15 w/o ZrO.,. on the other hand, did not sinter 

to a high density, even at a temperature of 1860 C. Sintered samples cracked 

and had a porosity in excess of 15%. Based on these results, it appears as if 

the ZrO is acting as a sintering aid which has been previously determined 

by other researchers. 

Room-Temperature Strength 

Three-point M0R tests (Table 9) were generally used to obtain the most data 

from limited material. When there was sufficient material, 4-point M0R tests 

were performed. Evaluation of these data shows that 4-point flexural strength 
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ranges from 7% to 19% lower than 3-point strength. The strength of a refer- 

ence material, NC-132, was also measured. NC-132 grade of hot-pressed 

Si„NA exhibited a difference of only 6% between 3- and 4-point test data. 

The effects of sintering temperature on density and strength can be seen in 

Table 9 and Figs. 10 and 11. As sintering temperature is increased from 1750 

to 1860 C for the 45 w/o Zr02 sample, there is no significant change in den- 

sity, but strength decreases. For the 30 w/o Zr02 samples, there is a 

slight increase in density with increasing sintering temperatures and a sub- 

stantial increase in strength. Based on previous considerations of the effect 

of ZrO as a sintering aid, it appears as if the 45 w/o Zr02 samples could 

be progressively overfired at temperatures greater than 1750 C, while the 

lower Zr0„ content materials require a higher sintering temperature of at 

least 1800 C to achieve their optimum properties. 

There was no correlation between strength and Y203 stabilizer content in 

the ZrO particles. 

Strength increased significantly in samples that were aged in air at 700 C. A 

temperature of 700 C was an arbitrary temperature selected for evaluating 

mi crocracking in the 500 C to 1000 C range. This, of course, applies to mate- 

rial sintered at 1800 C or higher, in which no microcracking occurred. When 

samples were sintered at 1750 C, the strength of aged samples often decreased 

due to the microcracking phenomenon. However, when samples were sintered at 

1800 C and aged at 700 C, strength increased. Strength in composites contain- 

ing 45 w/o ZrO peaked at 1082 MPa after 240 h, a 26% increase. The in- 

crease was even higher for composites containing 30 w/o Zr02, which peaked 

at 1254 MPa after 120 h, a 37% increase. Increased strength is due to resid- 

ual compressive stresses that are formed on the surface. These increased 

strengths would not be observed at elevated temperatures, of course, as the 

compressive stresses would be relieved by plastic deformation, but these aged 

materials would be attractive for low-temperature applications, such as for 

high wear surfaces. 



43 

CM i o 
O 1 ^ 1 00 
N 1 *"" 

o 
3: 
o 
CO "*-" 
O 

> o o 
o — oo 
CM *" 

O) 

CM 
O 
N 

o 

6 
§ 
in 3^ 
o 
> 
o 
CO 

o 
If) 

0) 
4- 
+J 
CO 

O o> 

LU 3 
o cc +■> 
LO 3 (0 
r~» H s_ 
*" < <D 

a. 
DC E 
LU <L) 
0. 1— 
5 
LU e 
h- o 

z 
o 

cc «* 
LU Z 
1- CO o 

IT) z •r— 
CO 00 co 

o 

D> 

O 
O 
CM 

O 
O 
O 

o o 
09 

O o 
CO 

BdlAl HlDNiaiS 39VÜ3AV 



44 

-- o 
N 
O      _ 
5 
O 
CO 

O 
> 

V 

o 
o 
ID 

CT 
O c 
O •i— 

■>* 

«r- 
■o 

o •r- 
o X 
CO o 

o So" o 
CM o    ~ 

o ^5 
o 

E
x
p
o
s
u
r
e
 

+ 
4 
w
/
o
 

CO 
cc 

o 
3 o 
I 
d 
o (4_ '-» 
o o     **> r~ o 
h- 
< 5-" 
cc 

^3 < 
o +-> 
1- t^> <* 

LLI 
CC 
3 
CO 
O a. 
X cu + 

o o 
LU 

LL 
m O 

z: 
o o e^ o 

< 
CC 

lo 
o => c+f o Q o F CO tu 

o 

Ef
fe

ct
 

v
i
r
o
n
m
 

o 
CM 

c 
O 
O 

UJ 

(1) 

C7> 

BdlAI '(UOIAI XNIOd-e) HlDN3y±S3DVÜ3AV 



45 

High-Temperature Strength 

The purpose of this program was to develop a tough Si N. composite with 

high strength at high temperatures. Four weight percent Al 0 was used 

early in the program as a sintering aid for Si N + ZrO (Y 0 ) sys- 

terns because it was effective for obtaining dense samples for evaluation and 

for demonstration of concept. The Al.CL sintering aid additions, however, 

did not meet the goals of the program because the resultant grain boundary 

phases are not sufficiently refractory at 1400 C. Thus, compositional changes 

were made in an effort to increase the strength at elevated temperatures. 

Three approaches were used: (1) the Al^ was replaced with selected mix- 

tures of Y203 + Si02, (2) the Al 0 content was reduced from 4 w/o 

to 2 w/o, and (3) an addition of 2 w/o Al 0  + 6 w/o Y_0. was used. 
c.   o do 

The first approach was the most promising. Strengths at elevated temperatures 

were at the same level as strengths at ambient temperature, although the am- 

bient strength wars lower than expected because of processing complications. 

The second two approaches achieved a small amount of improvement in high- 

temperature strength compared to the 4 w/o Al-0- reference composition, 

but the increases were far short of program goals. 

Compositions with 4 w/o A1203 Sintering Aid. The high-temperature 

strength of compositions containing 4 w/o Al 0 as a sintering aid are 

presented as a reference level for comparing compositions with sintering aids 

that were selected to provide more refractory compositions in the grain 

boundaries. 

The results of both 3- and 4-point high-temperature strength measurements are 

listed in Table 10; 3-point data are plotted in Fig. 12. 

Figure 13 shows that strength decreases linearly to 1000 C where it is 72 to 

79% of the room-temperature level. Strength then drops at an increasing rate 

to between 53 and 57% of the room-temperature level at 1200 C, which is still 

at a level above 450 MPa for composites with 45 w/o Zr0„ and above 524 MPa 

for composites with 30 w/o ZrO . Strength then drops rapidly to 161 MPa at 
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SAMPLES SINTERED AT 1860 C FOR 2 HOURS 

1000 

500 

Q. 0 

£   1000 
o 

2      500 
£2 
x 
i- 

|      o 
I   1000 

500 

SINTERING AID: 4.0Y2O3 + 3.0SiO2 
4-POINT—• 

PROCESS VARIATION A 
PROCESS VARIATION B 

* | SINTERING AID:  8.0Y2O3 + 3.6SiÖ7 

500 1000 
TEST TEMPERATURE (°C) 

■ VARIATION A- SEQUENTIAL MIXING 
• VARIATION B - SIMULTANEOUS MIXING 

SINTERING AID:  8.0Y2O3 + 3.6Si02 

8.7Y203 + 3.9Si02 

V,^ 

I                                        I 
1500 

Figure 13. Strength of Si3N4 + 30 v/o Zr02 (12 w/o Y203) 
with Y2O3 and Si02 (w/o) as Sintering Aid 
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1400 C, which is only 19% of the room-temperature level. Thus, these composi- 

tions could be useful to 1000 C, or 1200 C at most, but they would not be 

structurally stable at higher temperatures. 

Composites with Y?0„ + SiO? Sintering Aid. Selected mixtures of Y_0. + Si0„ 

can be used to sinter Si N to near full densities and these compositions have 

demonstrated very little loss in strength at elevated temperatures (Ref. 8). 

Rocketdyne used this technology over 10 years ago to develop a composition, 

Si N + 15.5 w/o Y 0 + 7.0 w/o SiO , called "SN104", that sintered to near 

full density and exhibited no loss in strength at 1200 C (Ref. 9). It has been 

shown that SN104 exhibited excellent resistance to creep (Ref. 9), being sec- 

ond only to a hot-pressed material containing a much lower amount of Y 0 

densification aid and no added SiO . Studies at Rocketdyne and the Rockwell 

Science Center showed that high-temperature properties could be improved even 

more by heat treatment (Ref. 10). Heat treatment is believed to cause 

(1) undesirable cations to diffuse into the Si„N. grains where they do not 

affect grain boundary softening or melting, and (2) crystallization of glassy 

phases in the grain boundary. 

With this in mind, mixtures of Y«03 + Si0„ were selected for evaluation 

in this program. Compositions were selected based on adding sufficient sin- 

tering aid to promote densification while remaining in the Si-N.-Si-NLO-SipY-O-j 

compatibility phase triangle. Certain compositions outside this triangle, 

containing Y„0„, undergo excessive volume increases on oxidation that lead 

to cracking and spalling. The oxygen content in the Si N powder was taken 

into account in the calculation of batches, but the reported quantities are 

only the amount added during fabrication. Selected additions for this study 

contained as little as 4.04 w/o Y 0 + 1.1 w/o SiO to as high as 15.5 w/o Y203 

+ 7.0 w/o SiO (Table 11). 

The Y 0. and SiO powders could not be suspended so the colloidal processing 

method could not be used. These powders were ball-milled then blended with the 

Si N and ZrO powders using the sonic mixing chamber. Large disks 50 mm in 

diameter were prepared by pressure filtration. Most of the disks cracked on 

drying even when precautions were exercised, such as slow, controlled humidity 
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drying schedules and binder additives. For these reasons, large samples for 

fabricating MOR bars were difficult to obtain. As will be shown below, room- 

temperature strength levels were much lower than those of the compositions 

sintered using 4 w/o Al 0„. The reasons for this lower strength are believed 

to be flaws introduced from ball-milling debris and the lack of uncracked 

green disks. 

High sintered densities were obtained with additions of 8.0 w/o Y^ + 

3.9 w/o SiO and sintering parameters of 1860 C for 2 h (Table 11). These 

are the same parameters, incidentally, that are required to sinter the SN104 

composition. The only phases that were identified on ground surfaces were 

beta-Si3N4 and cubic Zr02. 

Results of strength tests at ambient and elevated temperatures are listed in 

Table 11 and plotted in Figure 13. Strengths at 1400 C are the same as those 

at room temperature. There was no loss in strength at 1400 C. 

Only one specimen was tested in 4-point loading because of the scarcity of 

long MOR bars. The 4-point strength was 11% below that of the 3-point data. 

Although there was only one sample tested under 4-point loading, an 11% dif- 

ference is in agreement with other high-temperature tests. 

Process variations A and B, shown in Fig. 13, refer to the mixing sequence. 

The ingredients were mixed sequentially in variation A.  That is to say, that 

Y 0„ and Si0„ powders were ball-milled; these powders were then mixed 

with the ZrO powder in the sonic chamber, and these powders were, in turn, 

mixed with the Si„N„ powder in the sonic chamber.  In variation B, the 
3 4 

ball-milled mixture of  Y 0  and  Si02 was mixed with the Zr02 and 

SO. powders simultaneously in the sonic chamber. The reason for the 

increased room temperature strength is unknown, but all strength values mea- 

sured after any heat treatment or at temperature were in line with the room- 

temperature strength of samples made by variation B. 
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Samples were aged in air at 700 C to determine whether microcracking oc- 

curred. Based on MOR results (Table 12), none had occurred after exposures as 

long as 500 h at 700 C. 

Table 12. Strength After Heating in Air at 700 C for Composites 
of Si3N4 + 45 w/o Zr02 (12 w/o Y203) +■ x Y203 + y Si02 

Sinter 
Run No. 

Exposure 
Time 

at 700 C 
(h) 

Room Temperature Strength 
o in ler my H wb 

n 

Std. 
Dev. 
(Mpa) 

3-Point MOR 
(MPa) 

Y203 
(w/o) 

Si02 
(w/o) 

40 

42 

8.0 

8.0 

3.6 

5.0 

0 

139 

273 

517 

0 

98 

500 

500 

8 

1 

1 

1 

4 

1 

1 

1 

110 

17 

0 

445 

459 

430 

328 

464 

584 

417 

443 

*n = number of samples 

Composites with 2 w/o A1?0_ Sintering Aid. Sintered compositions of Si„N. + 

45 w/o (-30 v/o) ZrO (12 w/o Y 0 ) exhibited inconsistent results. Two sam- 

ples with identical composition and processing history were sinl red together 

at 1800 C for 1 h. The densities were 2.92 g/cm„ and 3.40 g/cm,, v ich were 

72 and 84% of theoretical. A third sample was sintered at 1860 C for 1 h, but 
3 

the density was 3.11 g/cm , or 77% of theoretical. Despite the low densi- 

ties, MOR bars were diamond ground from the latter sample and the results of 

the tests are listed in Table 13. Results of a similar composition, but con- 

taining 4 w/o A1„0„ as the sintering aid (Table 13), also are listed for 

reference (note that the Y 0 content in the ZrO is different, 12 w/o 

for the composition containing 2 w/o Al 0 and 9 w/o for the composition 

containing 4 w/o Al 0 ).  The significance of this difference is that the 
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grain boundary composition in these composites will be different, one contain- 

ing more Y^ dissolved from the ZrO,, (Y^) alloy. The grain bound- 

ary composition is believed to control high-temperature properties. 

Three-point MOR results of tests conducted at 1200 C do not indicate that the 

lower A1203 content is of any benefit. The retention of room-temperature 

strength, 53%, was the same as that for the 4 w/o Al 0 reference mate- 

rial. The 4-point MOR data, on the other hand, indicate that there is some 

improvement. The retention of room-temperature strength is 83%, but the room- 

temperature strength appears to be low. Moreover, the strength at 1400 C is 

very low, 197 MPa, so the approach of simply reducing the Al 0 content 

did not result in any substantial increase in high-temperature strength. 

CoM)pji1^_wi^^ Use Qf a com_ 

bination of 6 w/o Y^ + 2 w/o Al^ did not produce any better re- 

sults than that for compositions containing 2 w/o or 4 w/o Al 0 . Reten- 

tion of room-temperature strength at 1200 C was 62%, up from 53%. and at 

1400 C it was 12%. These are far below the desired level. 

Hf02 (Y203) 

The use of dispersed HfO,, in place of, or in combination with, ZrO is 

attractive because it should allow composites to be used at higher tempera- 

tures. It is well documented in the literature that transformation-toughened 

Zr02 materials do not exhibit the toughening mechanism at high temperatures, 

beginning at about 1000 C. The metastable tetragonal grains tend to transform 

at the lower end of the transformation temperature range (950 to 1200 C). 

Hf02, on the other hand, transforms at a much higher temperature, beginning 

at 1400 C (Ref. 11). Stabilizer additions may reduce the transformation temp- 

erature, but a gain of 500 C in service temperature may be achievable. An 

increase in service temperature of this magnitude could allow transformation- 

toughened materials to be used in turbine applications. 
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Selected stabilizers of Hf02 (Y^) and Hf02 (MgO) were ordered but the powders 

were not received in time to be a part of this program. An Si^ 4- Hf02 com- 

posite was made, however, using HfO,, fully stabilized with 10 m/o Y^. 

Naturally, transformation toughening was not anticipated, but samples were 

made to demonstrate that the composition sintered to near full density and 

that it exhibited high strength. 

The composition of the composite was Si3N4 + Hf02 (10 m/o Y^) + 4 w/o Al^ 

and a batch was prepared using the colloidal method. No differences were noted 

using HfO  powder compared to Zr02 powder. Two disks, 50 mm in diameter, 

were prepared by pressure filtration, dried and sintered at 1800 C for 1 h. 

Sintered density was 4.99 g/cm3 in both disks, average weight loss was 0.7%, 

and the open porosity was 0.1% in one and 0.01% in the other. Ground surfaces 

were uniform in appearance and dark grey.  A photomicrograph showing the good 

dispersion of the Hf02 grains is shown in Fig. 14.  The microstructure was 

analyzed using TEM and AEM methods as described in the previous section. The 

microstructure appeared uniform and homogeneous, and similar to that of the 

comparable Si^ * Zr02 + 4 w/o Al^ composites.  The size of the 

Si N  grains was 0.2 micrometer, and Hf02 particles consisted of several 

grains. One difference was that the grain boundaries appeared more glassy than 

those of compositions containing Zr02 (Y^).  Results of a semiquanti- 

tative analysis are shown in Fig. 15. The presence of Mg in the Hf02 grains 

was unexpected.  This qualitative observation is valid, although the quantity 

is uncertain because the dispersive energy of the two elements are adjacent to 

each other, and because one is a light element and the other is a heavy ele- 

ment (Fig. 16). 

The average 4-point M0R at room temperature was 876 MPa with a standard devia- 

tion of 34 MPa (4 samples). The average 3-point strength was 917 MPa with a 

standard deviation of 144 MPa (6 samples). 

The 3-point strength of two samples at 1200 C was 555 and 577 MPa, which aver- 

ages 62% retention of room temperature strength. This is 20% better reten- 

tion than that for a comparable composition with Zr02 instead of Hf02- 
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Semiquantitative Analysis (cation %) 

No.      Hf      Mg Si      Al 

1 89 2 9 
2 88 3 9 
3 86 4 10 
4 86 2 12 
5 89 3 8 
6 87 3 10 
7 
8 97 3 
9 9 21 57 12 
10 96 4 
11 96 4 
12 97 3 
13 
14 95 5 
15 96 4 

Grain boundary triple point 

Figure 15. Semiquantitative Analysis of Si3N4 + Hf02 
(10 m/o Y203) + 4 w/o A1203 
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The strength at 1400 C was 220 and 203 MPa. While this was higher than com- 

parable ZrO composites, the use of a more refractory sintering aid, such as 

Y 0 + SiO„, will be necessary to improve strength at 1400 C. 

Samples were aged in air at 700 C to determine whether there was any micro- 

cracking at intermediate temperatures. Results showed no indication of degra- 

dation; in fact, strength increased at each duration that was tested 

(Fig. 17). The average room-temperature strengths of bars aged at 700 C in 

air are listed in Table 12. The average strength after aging 500 h was 20% 

higher than that of unaged samples. 

Zr02 (CaO) 

Hot-Pressed Composites 

Early in the program, increased toughness could not be obtained in Si^/- 

ZKL (Y_0„) composites without microcracking, so a Zr02 alloying agent 

with a divalent cation was evaluated. The only two available Zr02 powders 

were alloyed with CaO or MgO. Success was immediate with the CaO-alloyed 

composition and the results are reported in this section. Results of the 

MgO-alloyed composition are reported in the next major section of this report. 

The ZrO powder*, which contained 5 w/o CaO, was too coarse for colloidal 

suspension processing. Batches containing Si N4 plus 15, 30, and 45 w/o 

ZrO (5 w/o CaO) were prepared by ball -milling using Zr02 milling media 

and polyethylene jars. Initial samples were densified by hot pressing and 

near full density was achieved at 1700 C, 1 h. Two and one-half percent MgO 

was added as a sintering aid and to keep the CaO in the Zr02 grains from 

diffusing to the grain boundaries during densification. The results showed 

significant increases in both fracture toughness and strength. 

*Zircoa Grade B 
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[COMPOSITION: Si3N4 + 69 W/O (10 M/O Y203) Hf02 + 4 W/O A^Og] 
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DURATION IN AIR AT700C (HOURS) 

87-239 

Figure 17. Evidence of Stability at Intermediate Temperatures of 
Si3N4 +• Hf02 Composites 
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The fracture toughness of all samples was substantially higher than that of 
1/2 

the SO. matrix.  The baseline matrix toughness  is 4.1  MPa m 

Toughness was measured and calculated by the same diamond indentation techni- 

que (Ref. 5) on NC-132 samples. Toughness values measured on as-hot-pressed 

samples and samples subjected to selected heat treat conditions are shown in 

Fig. 18. All of these samples, except the NC132, were composed of Si3N4 + 

45 w/o ZrO (5 w/o CaO) +• 2.5 w/o MgO. 

A large portion of the high measured toughness in the aged samples is due to 

surface compressive stresses that develop as Zr-oxynitride oxidizes to form 

monoclinic Zr0„ on the surface.  Toughness was measured at 12.5 MPa m 

on the surface of a specimen aged at 1350 C for 2 h. Toughness was measured 

after 0.25 mm of the surface was removed by polishing, and this was repeated 

until the toughness level reached the level of the material in the as-hot 
1/2 

pressed condition, which was 8.9 MPa m  .  This level of toughness was 

reached 1 mm below the original surface.  Toughness was not affected by 

annealing at an intermediate temperature of 700 C for 120 h. 

Toughness for the three loadings of Zr02 (5 w/o CaO) and for the matrix ma- 

terial without the ZrO  is shown in Fig. 19.  Toughness increases from that 

of NC-132 Si0N„, 4.1 MPa m1/2, to 6.3 MPa m1/2 with a loading of only 
3 4 1/2 

15 w/o. Toughness then increases nearly linearly to 7 MPa m at the high- 

est loading of 45 w/o. Thus, even a small amount of Zr02 results in sub- 

stantial increases in fracture toughness. 

Flexural strengths of Si N. composites with 45 w/o Zr02 modified with 

5 w/o CaO are given in Table 14. These samples were tested in either the 

as-hot-pressed or after-heat-treatment conditions. Heat treatment consisted 

of 1350 C for 2 h followed by 700 C for 261 h exposure in an air environment. 

The 4-point modulus of rupture was measured as a function of (1) volume load- 

ing of ZrO and (2) exposure to oxidation at 700 C for durations to 250 h. 

The strength of these compositions is degraded by microcracking at moderate 

temperatures, and a temperature of 700 C was selected to study this micro- 

cracking phenomenon.  The degree of strength degradation for volume loadings 
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of 15, 30, and 45 w/o ZrO is plotted in Fig. 20. Reduction in MOR at a 

volume loading of 45 w/o ZrO is substantial, but the degradation can be 

reduced by pre-aging at an elevated temperature. A temperature of 1350 C was 

selected for evaluation. The strength of samples aged at 1350 C for 2 h and 

then exposed at 700 C for selected periods is plotted in Fig. 21. There is no 

apparent reduction in strength at volume loadings of 15 and 30 w/o ZrO„. 

The strength of the 45 w/o ZrO composite, on the other hand, decreased 

about 33% as a result of heating at 700 C in air. Densification at higher 

temperatures reduced the occurrence of this when using Y203 alloyed ZrO„ 

additions. XRD analyses showed that the major phases in the as-hot-pressed 

material were beta-Si_N., cubic, and sometimes tetragonal ZrO_. Mono- 

clinic ZrO was a minor phase and it increased to a major phase during heat 

treatment. Monoclinic phase was seldom observed in the composites containing 

Zr02 alloyed with Y20 . 

Large black inclusions and agglomerated microporosity were observed in the 

microstructure of these materials. The agglomerated microstructure created a 

mottled appearance to the unaided eye. 

Sintered Material Using Coarse ZrO 

Samples of the same compositions, 15, 30, and 45 w/o ZrO (5 w/o CaO), + 

2-1/2 w/o MgO, were sintered at 1800 C, 1 h. The 15 and 30 w/o compositions 

sintered to near theoretical densities but not as high as the densities of 

hot-pressed material (Table 15). The 45 w/o ZrO. composition, on the other 

hand, was extremely porous when sintered at 1800 C. It also lost weight dur- 

ing sintering, while the 15 and 30 w/o compositions gained small amounts of 

weight. Another batch of material was prepared and sintered with results in 

line with the other two compositions. This 45 w/o composition was sintered at 

five different temperatures from 1700 C to 1825 C (Fig. 22). Comparable be- 

havior was not observed. 
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Table 15. Results of 1800 C Sintering 

Zr02 Content* 
(w/o) 

Wt. Change Density 
(g/cm3) 

Strength 
(3-Pt. MOR) 

(MPa) Comments 

15 +0.03 3.15 668 Considerable Agglomerated 
Porosity 

30 +0.06 3.56 779 Considerable Agglomerated 
Porosity 

45 NA 3.73 730 Excessive Porosity 

*Zircoa Grade B powder 

The microstructures of the three compositions, 15, 30, and 45 w/o, are shown 

in Fig. 23. All of the compositions exhibited agglomerated microporosity 

(Fig. 24), much more than was observed in the hot-pressed materials. The data 

in Fig. 22 show that sintered density increased with temperature to 1750 C. 

Increased sintering temperatures resulted in little density change but de- 

creased strength. Even at a sintering temperature of 1825 C, the density re- 
3 

mained below that of hot-pressed material, which was 3.83 g/cm . 

In spite of the agglomerated microporosity and the black inclusions, the room- 

temperature strength was over 700 MPa. Average strength of the 45 w/o compos- 

ite also is shown in Fig. 22. The density increased only slightly above 

1750 C, and the strength peaked at 1750 C, then decreased with increasing sin- 

tering temperature. As was the case for the Zr02 (Y203) cor losites, the 

compositions containing 30 w/o were the strongest (Fig. 25). Strenr hs were 

670, 780, and 730 MPa for the compositions 15, 30, and 45 w/o, respectively. 

The decrease in strength observed for sintering temperatures above 1750 C for 

the 45 w/o ZrO loading agrees with results for the Y203 alloyed Zr02 

additions. 

The strength at elevated temperatures was relatively low because an appreci- 

able amount of CaO diffuses into the grain boundaries during sintering. 

Strengths of these materials to 1200 C are shown in Fig. 26. Strength dropped 

rapidly after 600 C. 
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Intermediate-temperature oxidation degradation was not observed in the sin- 

tered material, but aging was carried out only to 250 h (Fig. 27). This is, 

however, in agreement with results with material containing Y203 as the 

alloying agent, as reported in the preceding section. Degradation was pro- 

nounced in the hot-pressed materials, which were densified at 1700 C, while it 

was not observed in the material that was sintered at 1800 C. The composites 

were more stable when densified at 1800 C or above. 

Fracture toughness of the sintered materials was at the same high level as 

that of the hot-pressed material.  The toughness, measured according to the 

Anstis relationship (Ref. 5), of the 45 w/o composition was 7.5 MPa M 
1/2 

When aged in air at 1200 C for 2 h, it increased to 11.8 MPa m 

Sintered Composite with Submicron ZHL (CaO) 

Submicron, high-purity Zr0_ powders containing 3.5, 6.2, and 10 w/o CaO were 

obtained. Batches of Si N4 f 45 w/o Zr02 (xCaO) +■ 2.5 w/o MgO were col- 

loidally prepared, and disk-shaped samples were prepared by pressure filtra- 

tion. These disks were then dried and sintered at 1800 C, 1860 C, and 1900 C 

for 1 h. Properties of the sintered samples are presented in Table 16. A 

sintering temperature of 1860 C was required to obtain a high density for the 

composition containing 10 w/o CaO; a temperature of 1900 C was required for 

the composition containing 6.2 w/o CaO, while the composition containing 

3.5 w/o did not sinter to a high density, even at 1900 C. 

Examination under a high-power light microscope showed that these samples did 

not exhibit the agglomerated microporosity as the previous samples made with 

the coarse, less pure powder. A secondary phase that appeared as black inclu- 

sions was observed in the new samples made from the high-purity, submicron 

ZrO , however. The black inclusions were found to be composed of Fe and 

Ti. Subsequent investigation of the Ti-alloy ultrasonic horn showed signs of 

wear. 
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Table 16. Sintering Results for Zr02 (CaO) Dispersed Phase Composites 

Sinter 
Temperature 

(°C) 
CaO Alloy 

(w/o) 
Wt Loss Porosity Density 

(g/cm3) 

Room-Temperature 
Strength 

(Avg. 3-Pt. MOR) 
(MPa) 

1800 3.5 3.3 21 2.89 - 

6.2 2.5 14 3.29 - 

10 1.8 10 3.48 - 

1860 3.5 4.5 6.9 3.40 682 

6.2 1.2 0.2 3.66 792 

10 0.8 0.1 3.83 723 

1900 3.5 7.1 8.9 3.44 675 

6.2 1.3 0.2 3.80 772 

10 1.1 1.7 3.78 655 

*Si„N4 + 45 w/o Zr02 (CaO) + 2-1/2 MgO 

Note: All fracture origins were at metal inclusions (Fe, Ni, Cr, Ti) 

Room-temperature strength is also presented in Table 16. Maximum strength, 

792 MPa, was obtained for the 6.2 w/o CaO composition sintered at 1860 C. All 

failures originated at large, black metal inclusions. The sintered density 

and strength are plotted in Fig. 28 as a function of sintering temperature. 

The highest density was exhibited by the 10 w/o CaO composition because there 

is more CaO in the grain boundaries. However, the strength of the 10 w/o com- 

position was lower than that of the 6.2 w/o composition. Strength decreased 

for each composition when the sintering temperature was raised from 1860 C to 

1900 C. 

Toughness was measured (Ref. 5) and the results are plotted in Fig. 29. 

Toughness was highest, 8.5 MPa m1 2, for the composition containing 6.2 w/o 

CaO alloy, while the toughness was lowest, 6.8 MPa m , for the composition 

containing 10 w/o CaO alloy. These toughness values represent a 100 and a 60% 

increase, respectively. The composite with 6.2 w/o CaO alloy did not respond 
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Figure 29. Fracture Toughness vs CaO Content in the Zr02 
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to heat treatment at 1350 C as did the composite made with the coarse 5 w/o 

CaO powder. In fact, toughness decreased slightly after the heat treatment. 

TEM studies of the composite microstructure were conducted. The presence of 

monoclinic phase was confirmed by convergent beam diffraction and the mono- 

clinic laths extended across the entire zirconia grain. The ZrO_ grains 

were depleted of CaO (Fig. 30). 

OTHER DISPERSED PHASES 

Zr02 (5 w/o MgO) 

MgO as an alloying agent for ZrO- or Hf0~ offers potential advantages over 

CaO. An appreciable amount of the alloying constituent will diffuse out of 

the Zr02 grains during sintering and react with the other compounds in the 

grain boundaries. MgO would be expected to form more refractory and oxida- 

tion-resistant compositions than would CaO. However, the Zr0„ (MgO) system 

was not pursued because the first samples that were made cracked. The results 

of the Si„N4/ZrO? (MgO) samples are presented to show that this system 

did indicate high fracture toughness. 

The only powder that could be obtained for evaluation early in the program was 

a relatively coarse powder, average particle size of 22 micrometers, contain- 

ing 5 w/o MgO*. Due to the particle size, the colloidal processing method 

could not be used. A water slurry of the composition Si N + 45 w/o 

ZrO (5 w/o MgO) plus 2.5 w/o MgO as a sintering aid was prepared by milling 

for 16 h using ZrO milling material. Disks, 3.8 cm in diameter, were pre- 

pared by pressure filtration, dried, and hot-pressed at 1550 C for 1/4 h; at 

1600 C for 1 h; and at 1700 C for 1 h.  Fracture toughness was exceptionally 
1/2 

high (Table 17), 7.6 MPa m   in the as-hot-pressed condition, and as high 
1/2 

as 13.4 MPa m   after aging at 1350 C for 2 h. This apparent toughness is 

double and triple that of the Si-N. matrix. 

*SCMG5 Grade, Magnesium Electron, Inc., Flemington, NJ 
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Figure 30. Semi quantitative Analysis Shows Low Ca Content 
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Table 17. Results of Hot Pressed Si N + 45 w/o ZrO_ 

(5 w/o MgO) + 2-1/2 w/o MgO Composite 

Properties 

Hot-Pressing Temperature (C) 

1700 1600 1550 

Density (g/cm3) 3.87 3.91 4.08 

Fracture Toughness* (MPa m1/2) 

As-Hot-Pressed Condition 
Aged at 1350 C, 2 h in air 

7.6 
10.1 

6.4 
13.4 

3.9 
9.2 

3-Point MOR (MPa) 

As-Hot Pressed 
Aged at 700 C, 64 h in air 
Aged at 1350 C, 2 h in air 
Aged at 1350 C, 2 h + 700 C, 64 h in air 

138 to 696 
103 to 620 

599 
186 

41 to 241 

324 
69 

413 
41 

*Diamond indentation per Anstis (Ref. 5) 

Strength, on the other hand, was low and erratic. These low and erratic re- 

sults were believed to be due to microcracking that occurred during hot press- 

ing. The sample hot pressed at 1600 C cracked audibly into two pieces while 

at temperature. Density was highest at the lowest hot-pressing temperature. 

Hf02-Zr02-Ti02 

A composite with a zero thermal expansion coefficient to 1800 C was developed 

and patented (Ref. 12) at Rocketdyne for rocket nozzle applications in the mid 

1960s. The intent of this experiment was to use this composition, 60 m/o 

Hf02-20 m/o Zr02-20 m/o Ti02, as a dispersion in Si-N. to cause toughening. 

Submicron powder was obtained and a composition of Si N. + 30 v/o dispersion + 

4 w/o Al 0 was prepared by the colloidal processing method. A 3.8 cm diameter 

disk was prepared by pressure filtration, dried, and hot pressed to near full 

density. The material was very dark and appeared to be uniform. The fracture 
1/2 

toughness, however, was low, only 2.7 MPa m  , and samples turned into 

powder when oxidized in air at 700 C.  For these reasons, investigation of 

this composition was abandoned. 

*Wah Chang, Albany, OR 
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THERMOPHYSICAL PROPERTIES 

Thermal diffusivity and thermal expansion were measured and are reported in 

this section. 

THERMAL DIFFUSIVITY 

Thermal diffusivity of four samples was measured by the laser flash method* 

from room temperature to 1300 C. Results are listed in Table 18. Sample com- 

posites included SigN4 +■ 30 and 45 w/o Zr02 (12 w/o Y-OJ + 4 w/o AKO- and 

Si3N4 + 30 and 45 w/o Zr02 (6.2 w/o CaO) + 2.5 w/o MgO. Data for the Y 0 

alloyed composites are plotted in Fig. 31 and 32, along with data for both 

single-phase Si3N4 and Zr02 (Y203). The Si3N4 data were measured on grade NCI32 

material (Ref. 14) and the ZrO data were measured on ZrO material alloyed 

with 5.3 w/o Y 0 (Ref. 13). The thermal diffusivity values for the composites 

show a significant deviation from the rule of mixtures.  The 30 and 45 w/o 

additions of Zr02 result in significant reductions of thermal diffusivity. 

Thermal diffusivity values for the CaO alloyed compositions, on the other 

hand, fall on or near the straight line connecting the Si_N  and ZrO 

end members. 

THERMAL EXPANSION 

Thermal expansion was measured** on samples of three different compositions, 

using an Orton Automatic Recording Dilatometer. Total sampl length was 

51 mm. Samples were made in two end-to-end bars. A single bar, 51 mm long, 

could not be produced due to the limited diameter of the pressure filtration 

die. NC-132 material, supplied by Norton Co. (lot 3931), was one of the three 

samples and it, also, was in two pieces. The measured coefficients are sum- 

marized in Table 19.  The measured expansion value for the NC-132 reference 

*Dr. 0. P. H. Hasselman, Virginia Polytechnic Institute and State University, 
Blacksburg, VA 

**Measurements performed at Emhart Corp., Windsor, CT 
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Table 18. Thermal Diffusivity of Si3N4 

Sample A Sample B Sample C Sample D 

Temp. 
(°C) 

TJ>. 
(cm2s-1) 

Temp. 
(°C) (cm2s_1) 

Temp. 
(°C) (em's ') 

Temp. 
(°C) 

TJ>. 
(cm2s_1) 

25 0.0658 25 0.0628 25 0.1480 25 0.1480 

300 0.0466 304 0.0428 300 0.0890 311 0.0753 

404 0.0431 400 0.0356 404 0.0749 404 0.0650 

505 0.0414 505 0.0308 502 0.0656 500 0.0541 

609 0.0390 600 0.0281 601 0.0586 604 0.0472 

706 0.0361 705 0.0252 700 0.0517 702 0.0424 

803 0.0325 807 0.0237 800 0.0446 807 0.0388 

906 0.0298 905 0.0223 900 0.0403 902 0.0371 

1004 0.0277 1002 0.0208 1002 0.0366 1003 0.0341 

1100 0.0258 1100 0.0192 1100 0.0339 1100 0.0310 

1200 0.0239 1200 0.0176 1200 0.0312 1200 0.0284 

1300 0.0220 1300 0.0172 1300 0.0284 1300 0.0266 

1 

Density 
(q/cm3) 

\          3.53 

Composition 

Si3N .  + 30 w/o Zr02 (12 w/o Y203) + 4 w/o A1203 
1 3   3.91 S1,N . + 45 w/o 

4 
Zr02 (12 w/o Y203) + 4 w/o Al 0 

1 :   3.50 Si3N „  +  30 w/o 
4 

ZrO (6.2 w/o CaO) +■ 2-1/2 w/o MgO 

1 )    3.66 Si3N 4+45 w/o Zr02 (6.2 w/o CaO) + 2-1/2 w/o MgO 

Table 19. Coefficient of Thermal Expansion 

Coefficient 
(10-6/C) 

(25 to 725 C) 

• NC-132 

• Si3N4 + 30 w/o Zr02 (12 w/o Y^) + 4 w/o A1203 

t Si3N4 + 45 w/o Zr02 (6.2 w/o CaO) + 2-1/2 w/o MgO 

2.90 

4.20 

4.20 
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sample (Fig. 34) agreed closely with published data. The other two sample 

compositions were Si3N4 + 30 w/o Zr02 (12 w/o Y^) + 4 w/o Al^ and Si^ + 

45 w/o Zr02 (6.2 w/o CaO) + 2-1/2 w/o MgO. The thermal expansion coefficients, 

25 to 725 C, were calculated from Fig. 35 and 36. The composite values fol- 

lowed the rule of mixtures (Fig. 33). The 30 w/o Zr02 composite in Fig. 33 

was alloyed with 12 w/o Y203 and X-ray diffraction analysis showed that 

the Zr02 particles were cubic phase. The 30 w/o ZrO composition in 

Fig. 33 was alloyed with 6.2 w/o CaO and X-ray diffraction showed that the 

Zr02 particles were mostly cubic with a minor amount of monoclinic phase 

present. Thus, the expansion coefficient was below the line connecting NC132 

and cubic Zr02 end point compositions, and it was closer to the line con- 

necting the NCI32 and monoclinic-ZrO end points. 
2   K 

The fact that the thermal expansion for the composites is relatively low for a 

structural ceramic material indicates that these composites have potentially 

excellent resistance to thermal shock. These composites have an exceptionally 

high figure of merit for thermal shock resistance due to their combination of 

low thermal expansion, high strength, and high toughness compared with mono- 

lithic Si3N4, which exhibits, by far, the best resistance to thermal shock 

of high-temperature monolithic ceramics (Ref. 15). 
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Figure 34. Dilatometer Record for NC-132 

100  200   300   400    500   600   700   800   900   1000 
TEMPERATUREC 

Figure 35, Dilatometer Record for S^H  + 30 w/o Zr02 
(12 w/o Y2O3) + 4 w/o A1203 
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Figure 36. Dilatometer Record for Si3N4 + 45 w/o ZrÜ2 
(6.2 w/o CaO) + 2-1/2 w/o MgO 



91 

INJECTION MOLDING 

One of the primary objectives of this program was to demonstrate fabrication 

using a high-volume, low-cost process. The colloidal processing methods used 

in this program are compatible with two conventional fabrication methods, in- 

jection molding and slip casting plus sintering. The injection molding method 

was selected for this program because Rocketdyne has been active in injection 

molding of Si N for a decade and has been successful in producing a num- 

ber of demonstration shapes of Si N such as turbine blades and vanes. 

Ideally, a water soluble plasticizer/binder system should be used so that it 

can be mixed directly with the Si N /ZrO powders which are suspended in 

water. However, a water-base system was not available so the suspended slur- 

ries of Si3N4/Zr02 had to be dried before mixing with the plasticizer/ 

binder systems. Mixing was performed in a heated sigma blade-type machine. 

The maximum volume loading that could be attained was 50% solids. A higher 

loading would be preferred. The green bodies sintered to near full density 

but the shrinkage would have been less had the starting green density been 

higher. 

The material molded well, and no major problems were encountered in making MOR 

bars.  Binder removal was normal, and MOR bars sintered to an average density 
3 

of 3.89 g/cm , which is 96% of theoretical.  Average weight loss was 1.5%, 

and the average measured open porosity was less than 0.1%.  Examination of 

polished sections showed that the microstructure was homogeneous and the 

ZrO grains were well dispersed (Fig. 37). 

MOR bars were made with an existing die which was designed for making metal 

tensile specimens shaped like flat, thin, dog bones. The dumbbell ends were 

cut off in the green state, and the center section was used for MOR bars. The 

resultant MOR specimen is satisfactory, and Rocketdyne has used it for a dec- 

ade to generate strength data. A disadvantage of this bar is that it is not a 

standard geometry that can be directly compared to data reported by other 

laboratories.  The typical size of these injection molded bars is 2.2 mm x 
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6.4 mm x 50 mm long. Thus, they are a slab rather than a beam. Unpublished 

data generated by the author using NC430 grade SiC bars, one-half having been 

diamond ground to the injection-molded slab geometry and one-half having been 

diamond ground to a similar size but having a cross section more like a con- 

ventional MOR bar; showed that the flexural strength of the same material when 

measured in a slab configuration was 20% lower. 

The 4-point MOR data are listed in Table 20. The strength of samples densi- 

fied in sintering runs No. 36 and 41 were similar, and they were grouped 

together. The strengths of samples densified in sintering run No. 45, how- 

ever, were lower and are listed separately. The reason for the difference in 

strength is unknown. Samples tested in the as-sintered condition were covered 

with a very thin film of zirconium nitride. Four-point MOR was 429 MPa and 

356 MPa, respectively. When the surfaces were tested in the ground condition, 

the strength increased to 595 MPa and 538 MPa. Figures 38 and 39 show the 

texture of the surface of injection-molded MOR bars in the as-sintered and 

ground conditions. 

Analyses were conducted on fractured and polished surfaces of injection-molded 

bars using the scanning electron microscope to identify the source of 

fracture-causing flaws. Few flaws were found but the population was enough 

that one or more would always be found within the high-stress region of the 

test bar, and these flaws were large. One category of flaws was metal inclu- 

sions composed of Fe and Ti (Fig. 40), which probably originated from the 

titanium alloy ultrasonic mixing horn. Other metal surfaces were coated with 

a hard abrasion-resistant layer of chromium. A second category of flaws was 

low-density regions caused by incomplete mixing of the powder and plasticizer 

(Fig. 41). This was verified by inspecting the powder/plasticizer before in- 

jection molding under low-power magnification. White inclusions were analyzed 

by energy-dispersive X-ray analyses which showed that the composition was the 

same as that of the composite mixture. In other words, these were plasti- 

cizer-rich nodules that left a pore-like structure after the plasticizer was 

removed. The third category of flaws was worm-like pores caused by dust con- 

tamination during processing (Fig. 42). 
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Figure 42.    Large Pore Fracture Origin in 
Injection-Molded Sample 
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Low-power examination of samples after burnout of the plasticizer indicated 

that some pores might be created during the burnout operation. It was postu- 

lated that these, as well as other types of pores, could be eliminated by iso- 

statically pressing the green flexure test bars after the burnout operation 

and before the sintering operation. The strengths of sintered bars prepared 

by this modification are listed in Table 20. No improvement was indicated as 

a result of the isopressing operation. 
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CONCLUSIONS 

Two composite systems composed of Si-N. plus a dispersion of ZrO  parti- 

cles were shown to exhibit improved properties over those of the Si N 

matrix: 

Colloidal processing produced composites with excellent dispersion 
and homogeneity. 

Compositions of Si3N4 + 30 and 45 w/o Zr02 stabilized with 
Y2O3 exhibited: 

a. An increase in toughness to 6 MPa m1/2 over the untoughened 
Si3N4 value of 4.1 MPa m

1/2. 

b. Room-temperature strengths as high as 1000 MPa. 

c. High strength to 1000 C with Al 2O3 as the sintering aid, 
and no loss in strength to 1400 C with a mixture of Y2O3 + 
Si02 as the sintering aid. 

d. Significantly lower thermal diffusivity (lower than predicted 
by rule of mixtures). 

e. Capability of increasing strength another 40% by heat treatment 
for low to moderate temperature applications. 

f. Injection molding possibilities. 

Compositions of Si3N4 + 15, 30, or 45 w/o Zr02 stabilized with 
CaO exhibited: 

a. Increases in apparent toughness to 7 MPa m1/2 ithout post- 
heat treatment. 

b. Potential  toughness  increases  to  14 MPa  m1/2 with  heat 
treatment. 

c. Room-temperature strength as high as 780 MPa. 

d. Potential for low-temperature (<700 C) application. 

Successful substitution of Hf02 (Y2O3) for ZrÜ2 (Y2O3) with asso- 
ciated strength gain. 
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RECOMMENDATIONS 

1. Ensure Long-Term Stability. Composites of Si N and ZrO stabi- 

lized with Y203 and sintered at 1750 C and 1800 C must be completely 

characterized by TEM and SEM analyses. Differences in microcompositions 

must be determined to understand the microcracking mechanism that is 

present in material sintered at the lower temperature. This information 

is essential to ensure formulation and fabrication of composites that 

will demonstrate long-term stability at intermediate temperatures. The 

possibility of crack healing needs further evaluation. 

2. Optimize Toughness. The Y^ stabilizer content in ZrO and sin- 

tering conditions should be optimized to yield maximum toughness with 

long-term stability. 

3. Develop Improved High-Temperature Toughness. Optimize HfO additions 

for use in place of, or in combination with, ZrO . 

4. Increase High-Temperature Strength. Submicron powders of Y 0 and 

Si02 must be obtained so that these oxides can be added by colloidal 

processing rather than by ball-milling. 

5. Demoastrate High-Volume, Low-Cost Fabrication. The colloidal processing 

method lends itself to slip casting. Slip casting of the colloidal sus- 

pensions should be developed. 

6. Demonstrate Superior High-Temperature Properties. Measure creep, stress- 

rupture strength, and resistance to thermal shock. 

7. Confirm existence of transformation toughening mechanism in samples con- 

taining dispersions of partially stabilized zirconia, e.g., having less 

than 9 w/o Y203 in the Y203 stabilized system. 
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